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Promiscuous expression of a plethora of tissue-restricted antigens (TRAs) in medullary thymic epithelial
cells (mTECs) is essential for central tolerance. This promiscuous gene expression (pGE) is characterized
by inclusion of a broad range of TRAs and by its mosaic expression patterns, i.e. each antigen is only
expressed in 1e3% of mTECs. It is currently unclear to which extent random and/or deterministic
mechanisms are involved in the regulation of pGE. In order to address this issue, we deconstructed the
transcriptional heterogeneity in mTEC to minor subsets expressing a particular TRA. We identiﬁed six
delineable co-expression groups in mouse mTECs. These co-expression groups displayed a variable de-
gree of mutual overlap and mapped to different stages of mTEC development. Co-expressed genes
showed chromosomal preference and clustered within delimited genomic regions. Moreover, co-
expression groups in mice and humans selected by a pair of orthologous genes preferentially co-
expressed sets of orthologous genes attesting to the species conservation of pGE between mouse and
human. Furthermore, co-expressed genes were enriched for speciﬁc transcription factor binding motifs
concomitant with up-regulation of the corresponding transcription factors, implicating additional factors
in the regulation of pGE besides the Autoimmune Regulator (Aire). Thus promiscuous transcription of
self-antigens in mTECs entails a highly coordinated process, which is evolutionary strictly conserved
between species.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
In the course of central tolerance induction in the thymus the
vast array of randomly generated T-cell receptors (TCRs) of the
nascent T cell repertoire is probed against the multitude of self-; TRA, tissue-restricted anti-
ortical thymic epithelial cell;
matrices.
Kyewski).
boratory, European Bioinfor-
nxton, Cambridge, CB10 1SD,
Ltd. This is an open access article uantigen epitopes presented by major histocompatibility complex
(MHC) class I and II molecules on antigen-presenting cells. The
numbers of MHC-presented peptide antigens is thought to greatly
exceed the diversity of the T cell repertoire [1]. Different sets of
thymic antigen-presenting cells (APCs) which include thymic
epithelial cells (i.e. cortical epithelial cells (cTECs) and medullary
thymic epithelial cells (mTECs)), various subsets of dendritic cells
(DCs) and thymic B cells, display partly redundant and partly
complementary peptide ligandomes [2,3]. When clonotypic TCRs
bind to self-antigen/MHC complexes above a certain threshold, the
respective auto-reactive T cells will be either purged from the
repertoire by deletion or fate-diverted into regulatory T cells.
Among these thymic APCs, mTECs stand out due to their ability to
promiscuously express the majority of tissue-restricted self-nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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tolerance against peripheral tissues. These mTEC-derived TRAs
are then either directly processed and presented by mTECs or
transferred to and presented by DCs to developing thymocytes
[4e6].
The cellular and, in particular, the molecular regulation of pro-
miscuous gene expression (pGE) remains still incompletely un-
derstood [7]. While the transcriptional regulator Autoimmune
regulator (Aire) has been shown to be responsible for targeting part
of the pGE gene pool, other factors and mechanisms acting in
concert or independently of Aire have to be involved to account for
the comprehensive tolerance coverage afforded by pGE and its
intricate features. A prominent characteristic of pGE is the mosaic
expression pattern by which each TRA is only expressed in about
1e3% of the mTECs at a given point in time, a feature conserved
between mouse, rat and human [5,8e10]. Yet, this considerable
heterogeneity at the single cell (SC) level faithfully adds up to the
complete repertoire of self-antigens at the population level, a sce-
nario akin to the generation of the TCR and BCR repertoire. In order
to understand this complex generation of antigen diversity, it is
crucial to decipher the rules governing pGE, i.e. whether it is a
stochastic, or a regulated and predictable process or a combination
of both. Previously published studies based on the analysis of bulk
mTEC populations failed to detect predictable recurrent gene
expression patterns [8,9,11]. However, existing coordinated pro-
grams in minor subpopulations would not be detectable in such
studies due to high cell-to-cell variability of gene expression. Yet, a
recent study applying single cell RNA-seq to mouse mTECs did not
report recurring patterns [12]. In contrast the genome-wide anal-
ysis of human mTEC subsets enriched for the expression of a
particular TRA, which comprised about 1e3% of the mTEC popu-
lation, did reveal pools of TRA genes, which were preferentially co-
expressed [10]. This co-regulation could be conﬁrmed at the single
cell level for selected genes by multiplex PCR.
In order to address this apparently conﬂicting issue and gain
insight into the molecular regulation of pGE, we reduced the high
cell-to-cell variance of the mTEC compartment by isolating TRA-
speciﬁc mouse mTEC subsets, using an iterative approach. Here
we report the identiﬁcation and characterization of six distinct
TRA-based co-expression groups in mouse mTECs with their
possible genealogy spanning a broad window of immature and
mature differentiation stages. Noteworthy, despite an apparent lack
of functional commonalities among the co-regulated genes, we
noted a group-speciﬁc enrichment of certain transcription factor
binding motifs and upregulation of the corresponding transcription
factors, insinuating a role in coordinating this gene co-regulation.
Importantly, the coordinated regulation of pGE including certain
co-expression groups was evolutionary conserved between mouse
and humans.
2. Materials and methods
2.1. Mice
BL6N6 wildtype mice were obtained from the German Cancer
Research Center (DKFZ) central animal facility. STOCK-
Gad1tm1.1Tama transgenic mice [13] with an EGFP insertion in
the ﬁrst exon of Gad1 were used for the isolation of Gad1-driven
EGFP positive mTECs. B6-Ins2tm1Jrc transgenic mice [14] with an
EGFP insertion in exon 3 of Ins2 were used for the isolation of Ins2-
driven EGFP-positive mTECs.
Breeding and cohort maintenance were performed in the cen-
tral animal facilities of the DKFZ under approved conditions in
accordance with the European Convention for the Protection of
Vertebrate Animals used for Experimental and other SpeciﬁcPurposes, and in accordance with the German Legislation.
2.2. Genotyping of Gad67-EGFP and Ins2-EGFP mice
The Gad1 gene locus was analyzed in a two-primer PCR, using
genomic DNA and the following primers: eGFP-for: 50-
CTGCTGCCCGACAACCA-30 and eGFP-rev: 50- CCATGT-
GATCGCGCTTCT-30. The PCR conditions were as follows: initial
activation of the polymerase for 4 min at 95 C, followed by 30
cycles of 30 s denaturation at 94 C, annealing for 40 s at 52 C and
extension for 1 min at 72 C and ﬁnally with a 10 min ﬁll in step at
72 C. A band size of 75 bp was diagnostic for the EGFP knock-in.
The Ins2 gene locus was analyzed in a three-primer PCR, using
genomic DNA and the following primers: 1123-Ins-1: 50- CAT GTG
TCC ATC CAT GAC CA -30, 1126-Ins-2: 50- AAC GAGAAG CGC GAT CAC
AT-30 and 1125-Ins-3: 50- CTAGTT GCAGTAGTT CTC CA -30. The PCR
conditions were as follows: initial activation of the polymerase for
50 s at 94 C, followed by 35 cycles of 10 s denaturation at 94 C,
annealing for 20 s at 53 C and extension for 30 s at 72 C and ﬁnally
with a 4 min ﬁll in step at 72 C. A band size of 330 bp was diag-
nostic for the wildtype allele (primer 1123-Ins-1 and 1125-Ins-3)
and a band size of 200 bp for the EGFP knock-in (primer 1126-Ins-2
and 1125-Ins-3).
2.3. Medullary thymic epithelial cell preparation
PrimarymTECswere isolated by sequential fractionated enzyme
digestion as previously described [9]. Thymi were cut into pieces
and digested in collagenase under magnetic stirring for 15 min at
room temperature, followed by 4e5 digestion rounds in a colla-
genase/dispase enzyme mix for 25 min at 37 C in a water bath
under magnetic stirring. The collagenase/dispase cell fractions
were pooled and ﬁltered through a 40 mm cell strainer. After
digestion the single cell fraction was pre-enriched for thymic
stromal cells by depleting CD45 positive cells with anti-CD45
magnetic beads and the autoMACS (Miltenyi Biotec).
Pre-enriched stromal cell fractions were stained using the
following mAbs: anti-CD45-Per-CP (clone 30-F11, BD Pharmingen),
anti-EpCAM-A647 (G8.8 hybridoma; [15]), anti-I-A(b)-FITC (clone
AF6-120.1, BD Pharmingen) or anti- I-A/I-E-PE (clone M5/114.15.2,
BD Pharmingen), anti-CDR1-PB (CDR1 hybridoma; [16]), anti-
CD66a-PE (clone CC1, eBioscience), anti-GP2-PE (clone 2F11-C3,
MBL), anti-Tspan8-PE (clone 657909, R&D Systems), anti-Pdpn-PE
(clone 8.1.1, BioLegend). Dead cell were excluded using propidium
iodide in a ﬁnal concentration of 0.2 mg/ml. Cells were sorted on an
Aria ІІ cell sorter (BD).
2.4. Total RNA preparation
Total RNA of primary sorted mTECs was isolated and puriﬁed
using the High Pure RNA Isolation Kit (Roche Diagnostics) accord-
ing to the manufacturers' protocol.
For quantitative real-time PCR (qPCR), the isolated RNA was
reverse transcribed into cDNA using random primers and Super-
script II Reverse Transcriptase (Invitrogen) following the manu-
facturers' protocol.
2.5. Quantitative real-time PCR
Real-Time PCR was performed in a total volume of 20 ml using
Power Sybr Green Mix (Applied Biosystem) and the GeneAmp 7300
(Applied Biosystem). Intron spanning primers were designed using
Primer3 software. Reactions were performed in technical dupli-
cates and normalized to Actin expression and to total thymus cDNA
using ddCT method.
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Isolated puriﬁed RNA samples were ran on Illumina MouseWG-
6 v2.0 Expression Bead Chip Sentrix arrays. Labeling of samples and
hybridisation were performed by the Genomics and Proteomics
Core Facility of the DKFZ.
The microarray values were quantile normalized followed by a
statistical test based on linear models [17] to identify differentially
expressed genes between the respective TRA-positive and the TRA-
negative mTEC subsets. Each microarray analysis was performed in
independent triplicates. Genes with a fold change of >2 or <0.5 and
with a p-value  0.01 were considered to be differentially
expressed. All calculations were conducted in R version 3.0.3 core
[18].
TRAswere deﬁned using data from the public database at http://
symatlas.gnf.org [19]. A gene was deﬁned as a TRA, if its expression
was at least 5x above the median expression for that gene across all
tissues in less than ﬁve tissues [20]. The signiﬁcance of TRA
enrichment (p-value) was calculated using the Chi-squared test.
2.7. Hierarchical clustering
Cluster analysis was restricted to those 500 genes that showed
the highest variance in fold changes across the six co-expression
groups. To visualize the similarity in gene expression of the co-
expression groups a heatmap was plotted, (R package: gplots,
function: heatmap.2) using Euclidean distance as distance measure
and complete-linkage clustering as clustering method. The clus-
tering was done both across co-expression groups and genes.
Heatmaps and circos plots were created with R version 3.0.3
(http://www.r-project.org) using the packages gplots (v. 2.12.1),
ggplot2 (v. 0.9.3) and circlize (v. 0.0.7) [21].
2.8. Principal component analysis
Principal component analysis was performed for those 500
genes that showed the highest variance in fold changes across the
six co-expression groups. Principal components (PC) were deter-
mined using the R function prcomp [18]. The ﬁrst three principal
components of the ﬁve co-expression groups were depicted in a 3-
dimensional plot using scatterplot3 (v1.0) [22]
2.9. Inter-species comparison of orthologous and non-orthologous
gene sets
A method similar to gene set enrichment analysis was used [23]
to compare gene sets with differential expression between mouse
and human mTEC subpopulations. Essentially, the protocol by Ref.
[24] was followed. Genes with differential expression in mouse
mTECs cells enriched for Ceacam1 expression versus those
depleted for Ceacam1 expression, or enriched for Pdpn expression
versus depleted for Pdpn expression, were deﬁned as ﬁxed sets. The
mouse genes were mapped to human orthologues using ENSEMBL
version 76, and the analysis was restricted to only those genes for
which a single homologue was annotated. Genes from human
mTEC microarray experiments [10] were ordered according to the
fold change between human mTEC populations enriched for CEA-
CAM5 versus those depleted for CEACAM5. Hit and miss distribu-
tions were calculated as described by Ref. [24]. The enrichment
score (ES) was calculated as the maximum vertical distance be-
tween the two distributions. Signiﬁcance was estimated by a per-
mutation test from 50 random permutations of classes (CECAM5-
positive vs CEACAM5-negative) for human mTEC samples.Calculations were carried out in R version 3.0.3.2.10. Gene ontology analysis
Gene ontology analysis on the differentially expressed genes
was performed using GeneCodis [25e27]. P-values were computed
using the hypergeometric test (for further information see http://
genecodis.dacya.ucm.es/) in combination with the false discovery
rate (FDR) p-value correction [28].2.11. Chromosome enrichment analysis
Chromosomal enrichment of genes in co-expression groups was
assessed separately for each co-expression group and chromosome.
Signiﬁcance of the enrichment was determined by chi-square tests
of the following sets: i) co-expressed genes on chromosome ii) co-
expressed genes on all other chromosomes iii) all genes not in this
co-expression group on chromosome and iv) all genes not in this
co-expression group on all other chromosomes. Results are depic-
ted as log10(p value) versus chromosomes.2.12. Chromosomal clustering analysis
Chromosomal clustering was determined by Fisher's exact test.
Chromosome density was determined by ﬁrst constructing sliding
windows of 1 Mbp size, which were shifted by 100 kbp across the
genome; then, for each window, the number of overexpressed
genes in a certain sample was divided by the number of all genes
(ENSEMBL v. 76) falling into that window. When there was no gene
in a window, the ratio was set to 0 to avoid division by zero.
Windows with only one gene were not counted since the basis to
estimate chromosome density was considered too small.2.13. Transcription factor binding site identiﬁcation
For all mm9 (mus musculus annotation version 9) annotated
genes (UCSC KnownGenes), the 2 kb promoter upstream and 1 kb
downstream of the TSS was extracted and scored using the
TRANSFAC 2012 collection of position weight matrices (PWM) and
using the total binding afﬁnity (TBA) method. Brieﬂy, the TBA score
is computed over the whole promoter sequence by summing for
each position the maximum PWM score between the plus and
minus strand (PMID:16873464). Then, for each PWM, the genes
were ranked according to their TBA score in decreasing order. Using
the ranked gene lists for a given set of genes, the recovery curvewas
determined for each PWM, and the area under the curve (AUC) was
computed over the ﬁrst 1000 genes. AUC values were converted
into a z-score by computing themean AUC over all PWMs as well as
the standard deviation. For each gene set, the z-scores for the
PWMs were represented as a heatmap. Corresponding p-values
were estimated by performing the same procedure on 1000
random gene sets of the same size. Only PWMs with a z-score
corresponding to a p-value of 0.01 or belowwere displayed. For the
heatmap representations, all PWMs, which are signiﬁcant for at
least one gene set, were represented.2.14. Accession numbers
The gene array data reported in this paper have been deposited
in the Gene Expression Omnibus (GEO) database, www.ncbi.nlm.
nih.gov/geo (accession no: GSE69435).
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3.1. Identiﬁcation of six distinct co-expression groups in mouse
mTECs
In order to deconstruct the complexity of gene expression pat-
terns in mTECs and thus reveal recurrent gene expression patterns
and underlying regulatory mechanisms, we isolated mTEC subsets
as deﬁned by expression of a given surface TRA. TRA-speciﬁc mTEC
subsets were either isolated via suitable antibodies directed against
monomeric cell surface TRAs or via knock-in reporter constructs
driven by TRA-speciﬁc promoters. In either case live cells were
isolated ex vivo by FACS. Suitable candidates were chosen from
mTEC-speciﬁc genome-wide transcriptome data, of which three
were Aire-dependent (Ins2, Gp2, Tspan8) and three Aire-
independent TRAs (Gad1, Cea1, Pdpn).
In order to identify TRAebased mTEC subsets we used a step-
wise iterative approach. We ﬁrst isolated glutamate decarboxylase
1 (Gad1, also called Gad67) positive mTECs and analyzed the co-
expressed gene set, deﬁned here as co-expression group. Next,
we sequentially selected new TRAs, which were included in the
preceding sets of co-expressed genes. We thus identiﬁed a set of
ﬁve co-expression groups via isolation of Gad1-, Cea1-, Tspan8-,
Gp2-, and Ins2-speciﬁc mTEC subsets. Next we selected a TRA,
which was downregulated in these ﬁve groups, i.e. podoplanin
(Pdpn). MTEC subsets expressing the surface TRAs glycoprotein 2
(Gp2), Pdpn, carcinoembryonic antigen-related cell adhesion
molecule 1 (Cea1) and tetraspanin-8 (Tspan8) were isolated by
using monoclonal antibodies. Insulin 2 (Ins2) and Gad1 expressing
mTEC subsets were isolated via knock-in reporter constructs with
EGFP being driven by the Ins2-or Gad1-speciﬁc promoters,
respectively.
In each case the corresponding TRA-positive and enegative
fractions were separately isolated and analyzed for their genome-
wide gene expression proﬁles using Illumina MouseWG-6 v2.0
gene arrays (Supplementary Fig. 1 and 2). Each TRA-speciﬁc subset
expressed a highly reproducible pool of upregulated genes.
Comparative transcriptomics analyses revealed that each co-
expression group was comprised of a gene set unique for that
particular group and, to a variable degree, of mutually overlapping
gene sets (Fig. 1A).
Interrelating the overlapping co-expression of the mTEC subsets
by the numbers of shared expressed genes indicated the degree of
variance of co-expression overlap between all the groups (Fig. 1B).
Co-expressed genes of the Pdpn and Gp2 positive mTEC subsets
differed from each other and from the other four groups to a higher
degree than the Ins2, Tspan8, Cea1 and Gad1 groups among each
other.
Utilizing a qualitative expression analysis by considering the
fold change of gene expression (of the respective TRA-positive
versus TRA-negative mTEC subset) we observed distinct gene sets
being expressed within the different co-expression groups (Fig. 1C).
A large gene set cluster was shared between Tspan8-Cea1-Ins2-
Gad1 (as shown in blue in the color code on the right side bar)
followed by another cluster restricted to Cea1-Ins2-Gad1 (green).
The mTECs positive for Gp2 or Pdpn expressed different genes
compared to the four clustered groups and also shared fewer genes
with each other (red: shared; yellow: Gp2 restricted; orange: Pdpn-
restricted).
We applied principal component analysis to visualize the in-
terrelationships between the six mTEC co-expression groups. In a
three dimensional plot the spatial distances between the co-
expression groups represent differences with respect to their
gene expression proﬁles, a measure of their relatedness (Fig. 1D).
There was a close relatedness between the Cea1 and Ins2 groupsfollowed by Gad1 and Tspan8, while the Gp2 and Pdpn groups
formed a separate cluster, which still could be further resolved
along the PC3 axis.
The co-expression group size varied by a factor of three from
558 (Cea1 group) up to 1407 enriched gene probes (Tspan8 group)
(Fig. 2A). At the same time there was a signiﬁcant enrichment for
TRA gene probes in all groups varying between 1.96-fold and 3.3-
fold, which was not correlated with group size. The mutual over-
lap between co-expression groups varied from 4.5% (Gad1-Gp2) to
76.5% (Tspan8-Cea1) (Fig. 2B).
The genes comprising the different co-expression groups
showed no functional commonalities or tissue preference
(Supplementary Fig. 3). Gene ontology annotation analysis indi-
cated a complex mixture of gene annotation hits with individual
genes reﬂecting diverse functions and origins including complex
processes like heart development and lung epithelium
differentiation.
3.2. Co-expression gene patterns are evolutionary conserved
between mouse and human
While the above data in conjunction with a previous study [10]
document the species conservation of the phenomenon of recur-
rent gene expression patterns in mTEC subsets, it remained open
whether this conservation also extended to the composition of co-
expression groups themselves. In order to address this question, we
focused on two co-expression groups deﬁned by orthologous target
TRAs, namely murine Cea1 and human CEA5. The co-expressed
genes of both groups were assessed for speciﬁc enrichment of
orthologues (Fig. 3A). The human genes were mapped to their
mouse orthologue genes using Ensembl [29] restricting orthology
mapping to ‘one to one homology’.
We used themethod of Sweet-Cordero (2005) to compare genes
in each co-expression group. Here, one set (mouse Cea1) is held
ﬁxed, and the running overlap with an ordered list of all probed
genes with one-to-one homology is calculated in a manner similar
to gene set enrichment analysis (Fig. 3A, red curve). The separation
of the mouse-to-human “hit distribution” (red curve) from the
“miss distribution” curve (blue line, which indicates no association
between the sets) indicates the speciﬁc enrichment with an ES
score of 0.289 (p-value ¼ 0.08). Thus, we observed a clear tendency
for orthologous gene sets to be enriched in these two groups,
further strengthening the ﬁnding of conserved mechanism guiding
gene co-expression patterns.
As a negative control we compared the murine Pdpn to the
human CEA5 co-expression group (Fig. 3B). In this case no
enrichment in the expression of orthologue genes of both species
was observed, indicated by the distance between the red and the
blue curve and an ES score of 0.103 (p-value ¼ 0.16).
3.3. Co-expression groups map to different mTEC differentiation
stages
Given the overall diversity of gene expression among the six
groups, we asked whether they might represent different mTEC
developmental stages. To this end, we compared the relative
expression levels of three mTEC maturation markers, i.e. Aire,
MHCII and involucrin. Aire and MHCII levels increase towards the
mature Aire-positive stage and are subsequently coordinately
downregulated in the terminal post-Aire stage [30e32]. In contrast,
involucrin is steadily upregulated along the course of mTEC dif-
ferentiation into the post-Aire stage [33]. Hence we ﬁrst ordered
the six groups according to increasing involucrin expression levels
(Fig. 4A). Based on this order, the ratio of MHCIIhi/MHCIIlo and the
mRNA expression levels of Aire increased from Gp2 via Pdpn and
Fig. 1. Characterization of six TRA-speciﬁc co-expression groups in mouse mTECs. (A) Incidence matrix of the six different TRA co-expression groups displays upregulated genes
(2 fold change in gene expression; target TRA-positive versus target TRA-negative mTEC subset). The unique gene expression is given in the lower part (blue); the overlapping
gene expression is shown in the upper part (green). (n ¼ 3 per TRA-speciﬁc co-expression group with at least 10 mice per group except for Gp2 (n ¼ 2)), averages are displayed; this
applies to all subsequent ﬁgures, if not stated otherwise. (B) Gene co-expression overlaps between the six mTEC subsets. The degree of overlapping gene expression is encoded in
color and width with thin/blue colored connections standing for a low degree of shared gene expression to wide/orange colored connections for a high degree of shared gene
expression. (C) The heatmap displays the gene expression for the 500 genes with the highest variances in fold changes (2 fold change in gene expression; TRA positive vs. TRA
negative mTEC subset) with enriched genes in yellow and decreased gene expression in blue. The color bar on the right indicates the clusters of genes shared by Tspan8-Cea1-Ins2-
Gad1 (blue), Gp2up-Pdpndown (yellow), Gp2down-Pdpnup (orange), Gp2up-Pdpnup (red) and Cea1-Ins2-Gad1 (green). The dendrogram at the top indicates the relationship of the six
co-expression groups based on fold change differences in gene expression. (D) Principal component plot for the 500 genes, which showed the highest variance in log2-fold changes
across the six co-expression groups. The ﬁrst three principal components of the six co-expression groups are depicted in a 3d scatterplot, the individual replicates are displayed
separately.
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(Fig. 4B and C). In combination with the observation, that the
involucrin levels of the Ins2 and Tspan8 subsets are highest among
the MHCIIlo subset (i.e. post Aire cells), whereas in the other four
groups involucrin expression levels correlated with MHCII levels
(Supplementary Fig. 4), we interpret these data to indicate that Ins2
and Tspan8 groups are the most mature subsets encompassing a
sizeable proportion of post-Aire cells thus lowering the average
expression levels of MHCII and Aire. Although the isolated mTEC
subsets apparently spanned a wide window of mTEC maturation
stages, the sum of co-expressed TRAs of all six groups only
amounted to approximately 16% of the total TRA pool in mTECs,
suggesting the existence of additional distinct co-expressiongroups (Fig. 4D).
3.4. Co-expressed genes show chromosomal preference and intra-
chromosomal clustering
In order to identify features delineating co-expressed genes
from the unselected gene pool and thus pinpoint potential regu-
latory mechanisms, we analyzed the genes in the co-expression
groups for potential co-localization on chromosomes. This chro-
mosomal enrichment was deﬁned as the occurrence of a number of
co-expressed genes on a single chromosome larger than expected
by chance and accessed via a Chi-square test. Indeed, we observed
preferential enrichments for certain chromosomes for the co-
Fig. 2. Quantitative features of co-expression groups. (A) Enrichment for TRAs
within the six co-expression groups. The representation of TRA genes (in comparison
to the baseline of 13.4% TRA genes in the mouse genome) within the upregulated gene
pools of the co-expression groups is indicated in percent within the bars and as fold
enrichment on top of the bars. The TRA enrichment of all six co-expression groups was
shown to be statistically signiﬁcant with p-values of 0.0001, using a two-sided Chi-
square test. (B) Percent overlap in gene expression between the six co-expression
groups. The correlation matrix indicates the percent overlap of gene expression be-
tween the different co-expression groups encoded in color. Dark colors stand for a high
overlap, light colors for a low overlap in gene expression. The percent overlap is given
for each corresponding intersection of the correlation matrix.
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respect to the target TRA we observed both intra-chromosomal
(cis-) and inter-chromosomal (trans-) enrichment in case of Cea1,
Ins2, Pdpn and Tspan8 and only enrichment in trans in case of Gad1
and Gp2.
Moreover, the co-expressed genes clustered within chromo-
somes mapping to delimited TRA-rich regions. Such clusters were
detected across the genome irrespective of chromosomal enrich-
ment (Fig. 5B and Supplementary Fig. 5).
Next, we asked whether the highly upregulated target TRAs
mapped to such co-regulated gene clusters. For each target TRAwe
selected two to four genes located up- or downstream of the
respective TRA andmeasured their mRNA expression levels relative
to total thymus expression levels. We observed a tendency of up-
stream neighboring genes on the same strand to be co-induced.
These included both functionally related genes and unrelated
genes (Supplementary Fig. 6).3.5. Enrichment of transcription factors and their binding motifs
among co-expressed genes
Tissue-speciﬁc gene co-regulation in trans and cis has been
shown to be orchestrated by transcription factors with co-regulated
genes being preferentially co-localized in common transcription
factories [34]. Hence we asked whether certain transcription fac-
tors might be co-regulated with such co-expression groups in pGE.
We combined in silico binding site prediction with transcription
factor expression data analysis. The promoter regions (2 kb up-
stream and 1 kb downstream of the transcriptional start site) of the
co-expressed genes were scored using the positionweight matrices
(PWMs) of the TRANSFAC database. Co-expression groups were
checked for speciﬁc enrichment of a particular PWM (for details see
Materials and Methods; Supplementary Fig. 7). This data set was
combined with the expression levels of the corresponding tran-
scription factors (based on gene array data) that bind to these
enriched motifs. Indeed, we found that some transcription factors,
which had enriched binding motifs in the different co-expression
clusters, also displayed an upregulation in the corresponding
group. For example, several transcription factors matching the
enriched motif for Hox/Meis found for the Pdpn and Gp2 clusters
show indeed a higher expression within these clusters, like Meis1
and Hoxa7. We identiﬁed several transcription factors that showed
a clustering of expression patterns concordant with the clustering
observed for all co-expressed genes (comparing Figs. 6A and 1). The
shared gene co-expression patterns correlated with shared tran-
scription factor expressions and binding motif enrichment in the
target genes of the respective co-expression groups. Furthermore,
each gene co-expression pattern unique to a certain group corre-
lated with unique expression patterns of transcription factors in
those subsets, and with the enrichment of the speciﬁc binding
motives in the promoter regions of the uniquely expressed target
genes (Fig. 6A). The transcription factors Foxa1 and Hnf4a were
enriched within the Cea1, Gad1, Ins2 and Tspan8 groups, whereas
Hnf4g was more restricted to the Gad1 and Ins2 groups. Hence we
identiﬁed transcription factors, that were upregulated in closely
related co-expression groups (Fig. 6B) and also transcription factors
with group-speciﬁc gene co-expression (Fig. 6C).
4. Discussion
PGE differs in many aspects from tissue-speciﬁc gene regulation,
e.g. displaying different splicing patterns, cryptic promoter usage,
or mixed mono- and bi-allelic gene expression [5,35e37]. Another
prominent feature of pGE is its mosaic expression pattern, i.e. each
TRA is only expressed in 1e3% of all mTECs. Yet these highly het-
erogeneous transcriptomes add up to a faithful representation of a
broad diversity of the self-antigen repertoire at the population
level. Such antigen diversity could be generated by a random pro-
cess at the single cell level given a total of 105 mTECs per thymus.
The advantage of a random mechanism is that diversity can be
achieved at low metabolic costs [38]. Alternatively, pGE at the
single cell level could be a coordinated process displaying recurrent
co-regulation patterns. Evidence in favor of either scenario has
been presented [9,10,12,35]. So far the only study documenting co-
regulation of pGE is based on array analysis of TRA-selected human
mTEC subsets (i.e. at the population level) and by multiplex PCR
analysis of single cells [10]. Yet this study was limited to the char-
acterization of three co-expression groups, which together repre-
sented a minor subset of human mTECs in a narrow developmental
window. Hence it remained unclear to which extent co-expression
groups would span the whole course of mTEC differentiation and
whether they are an inherent feature of pGE which is evolutionary
conserved.
Fig. 3. Conserved selection of orthologous genes in mouse and human co-expression groups. (A) Gene set enrichment analysis. The human CEA5 co-expressed gene set is
ranked according to the gene expression values (x-axis). The corresponding mouse orthologue Cea1 co-expressed gene set is plotted against the human gene set (red curve) giving
the enrichment of orthologous gene sets between mouse and human with an ES score of 0.289 with a p-value of 0.08 in comparison to the random distribution curve (blue). (B)
Negative control comparison between the human CEA5 co-expressed gene set and the mouse Pdpn co-expression group. The human CEA5 co-expressed gene set is ranked ac-
cording to the gene expression values (x-axis). The mouse Pdpn co-expressed genes are plotted against the human CEA5 gene set (red curve) resulting in a correlation curve with an
ES score of 0.103 with a p-value of 0.16 in comparison to the random distribution curve (blue).
K. Rattay et al. / Journal of Autoimmunity 67 (2016) 65e75 71Using an iterative approach we characterized in this study six
co-expression groups in murine mTECs, thus independently sup-
porting the notion of pGE being a coordinated process. When
comparing the three human and the six murine co-expression
groups we noted a number of conserved features. Co-expression
groups in both species amounted to an average of approximately
3% of total mTECs and comprised a similar number of genes that
were signiﬁcantly enriched in TRAs. Co-expression groups were
composed of mutually overlapping and group-speciﬁc gene sets
and mapped to distinct stages of mTEC development. Furthermore,
the co-regulated genes showed group-speciﬁc chromosomalFig. 4. Maturation marker expression reveals a developmental hierarchy among co-exp
TRA positive mTEC subset compared to its corresponding TRA-negative subset (±SEM, n ¼ 3
the different TRA-speciﬁc mTEC subsets are shown (±SEM, n ¼ 3 for each group), based o
mTECs. (C) Relative Aire mRNA expression levels as measured by qPCR comparing the respec
and total thymus lysate (ddCT method, qPCR) (±SEM, n ¼ 3 for each group). (D) Coverage of t
in all six groups (grey) in relation to the total pool of murine TRAs detected in mTECs is shpreferences and tended to map to intra-chromosomal gene clusters
across the genome. Such partially contiguous clusters comprised
both functionally related and unrelated genes. Importantly, recur-
ring co-expression patterns could also be detected at the single cell
level in humans [10] and mice [39,40]. In further support of
evolutionary conservation, co-expression groups targeted by
orthologous TRAs tended to select for orthologous genes.
The six mouse co-expression groups span a wide window of
mTEC development from the immature pre-Aire to the terminally
differentiated post-Aire stage and thus document that co-
expression groups are not conﬁned to a particular stage of mTECression groups. (A) Relative involucrin mRNA expression levels are depicted for each
for each group) based on gene array analysis. (B) The MHCII high to MHCII low ratios of
n FACS surface staining, dashed line indicating equal numbers of MHCII low and high
tive TRA-positive to their corresponding TRA-negative subsets and normalized to actin
he TRA pool by the six co-expression groups. The sum of co-expressed TRA gene probes
own as percent coverage.
Fig. 5. Chromosomal preferences and intra-chromosomal clustering of co-expressed genes. (A) The chromosomal distribution of genes in the co-expression groups is
signiﬁcantly different from a random distribution across the genome. The signiﬁcance of the distribution and chromosomal enrichment was assessed via chi-square tests (separately
for each chromosome and co-expression group). The results of the signiﬁcance testing are depicted as log10(p-values). The chromosomal location of the respective target TRA
itself is indicated in red. (B) Gene clustering within chromosomes is shown exemplary for Tspan8 co-expressed genes (for the other co-expression groups see Supplementary Fig. 5).
Each column represents one chromosome, indicating the Tspan8 co-expressed genes in a 1 Mbp window, which is shifted along the chromosome by 100 kbp, in relation to the
number of all genes encoded by that chromosomal region. Gene clustering is indicated by a high ratio of Tspan8 co-expressed genes per analyzed chromosomal interval (x-axis, high
values), whereas lack of clustering is reﬂected by a low ratio of Tspan8 co-expression per analyzed chromosomal interval (x-axis, low values). Vertical accumulations reﬂect
graphical condensation of the sliding window along each chromosome.
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ately selecting TRAs marking non-overlapping co-expression
groups. By extending this iterative approach one might eventually
cover the whole mTEC compartment.
The molecular regulation of recurrent co-expression of func-
tionally unrelated genes in close neighborhoods remains puzzling.
In this regard the enrichments for common transcription factor
binding sequence motifs in mouse co-expression groups concom-
itant with the upregulation of the corresponding transcription
factors might offer a clue. This enrichment was not apparent from
the human data. This may be due to themore stringent deﬁnition of
mouse co-expression groups, which was based on pooled thymi
from inbred mice with minimal inter-experimental variations
(Supplementary Fig. 2C) as opposed to larger inter-individual var-
iations observed between non-pooled human samples [41,42]. The
identiﬁed co-regulated transcription factors were either shared by
several co-expression groups or were speciﬁc for a single group. By
assembling genes that share binding motifs, in common tran-
scription factories, they might impose inter-chromosomal gene co-
regulation in trans [43e46]. At the intra-chromosomal level co-
expressed genes tend to cluster in the genome irrespective of
their biological function suggesting local chromatin opening to
allow TRA genes to be co-expressed in a coordinated fashion irre-
spective of their tight tissue-speciﬁc regulation in the peripheral
tissues (Fig. 5B and Supplementary Fig. 5). Some of the identiﬁed
transcription factors might promote transcription of genes within
such delimited regions. The fact that co-expressed gene clusters
contain genes of unrelated biological function points to a role of
genomic position in inﬂuencing TRA targeting in pGE. Irrespective
of these scenarios, it is noteworthy that many of the identiﬁed co-
regulated transcription factors belong to the category of pioneer
transcription factors (e.g. Pbx1, E2f; Foxa1, Hnf4 and Nfatc1), a class
of transcription factors, which in turn regulate other transcription
factors and thus initiate complex transcriptional cascades [47e49].
Few selected tissue-speciﬁc transcription factors tested so far ingene-deﬁcient mice proved dispensable for promiscuous expres-
sion of the respective target gene [35,37,50]. Yet, our ﬁndings
should prompt a re-evaluation of the role that these co-regulated
transcription factors might play in imposing gene co-expression
patterns in the respective mTEC subsets. Functional in vivo
studies will be necessary to probe any speciﬁc role of these tran-
scription factors in coordinating pGE in mTECs.
Based on the varying degree of mutual overlap and the com-
bined expression of three mTEC maturation markers (involucrin,
MHCII and Aire) we propose a presumptive genealogy of the six
groups (Fig. 7C). We chose involucrin as the leading parameter,
since it shows steady upregulation along mTEC development [33].
In contrast, MHCII and Aire become transiently upregulated in
mature mTECs and then decline in the post-Aire stage and thus do
not allow a distinction between the immature pre-Aire and the
mature post-Aire stage. Accordingly, we regard the Tspan8 group as
the most mature one including a portion of post-Aire cells, since in
this group involucrin is highest in the MHCIIlo subset
(Supplementary Fig. 4). This assignment of the Tspan8 group to a
late mTEC stage is also in line with the speciﬁc enrichment of genes
involved in epidermis development, keratinocyte differentiation,
keratinization, and apoptosis in this subset (Supplementary Fig. 3).
Assuming a precursoreproduct relationship between the
various co-expression groups based on the mutual overlap of co-
expression patterns and according to their distinct maturation
stage, one can envisage two possible scenarios; concomitant with
differentiation, mTECs shift their co-expression groups either in-
dependent of or contingent on cell division (Fig. 7A and B). Given
the high turnover rate of the mature mTEC compartment [51,52]
and a general linkage between the implementation of gene
expression patterns and genome replication during cell lineage
commitment and differentiation [53], we favour the latter model.
Extrapolating from the observation that each of the six co-
expression groups covers on average 2.6% of all TRAs expressed in
mTECs, the mTEC compartment should consist of approximately 35
Fig. 6. Predicted transcription factor binding to promoters of co-expressed genes. (A) Heatmap showing the expression pattern of the transcription factors (indicated on the
right) corresponding to the enriched binding motifs in each co-expression group (indicated on the left). Colored bars on the left indicate that several transcription factors can bind to
the same motifs. Colors indicate the log2 fold change expression of the transcription factors (green: enriched transcription factor expression, blue: depleted transcription factor
expression based on comparing target TRA-positive versus -negative mTEC subsets). (B) Examples of enriched group-shared transcription factor binding motifs and (C) group-
speciﬁc transcription factor binding motifs in TRA gene promoters with concomitant upregulation of the corresponding transcription factors within particular co-expression groups.
K. Rattay et al. / Journal of Autoimmunity 67 (2016) 65e75 73delineable TRA-based co-expression groups. Given a considerable
degree of “micro heterogeneity” within such TRA-based co-
expression groups, this number is likely to be even higher due toFig. 7. Modeling the genealogy of co-expression groups. Assuming and interdependen
expression groups are expressed sequentially along the development/lifetime of individu
holds that co-expression groups develop via asymmetric division, with each progeny expres
groups based on integrating their mutual transcriptional relatedness and expression of mastringent cutoff criteria in our enriched gene sets. Indeed TRA-
based co-expression groups may represent only snapshots of a
continuum of changing co-expression groups during the lifetime oft derivation of co-expression groups the co-linear sliding model (A) posits that co-
al mTECs in the absence of cell division, whereas the lineage bifurcation model (B)
sing a partially shifted set of genes. (C) Presumptive genealogy of the six co-expression
turation markers.
K. Rattay et al. / Journal of Autoimmunity 67 (2016) 65e7574an individual mTEC. Our cumulative data on TRA-co-expression
groups are compatible with such a model of “sliding co-
expression groups”. Continuous genome scanning would poten-
tially enlarge the diversity of self-antigens displayed by a single
mTEC over its lifespan, if this transcriptome shift was translated
into a corresponding shift of the MHC peptidome. This in turn
would require thymocytes to only roam within micro-domains of
the medulla in order to encounter the majority of self-antigens.
While target TRA-based co-expression groups effectively
deconstructed the transcriptional heterogeneity of mTECs, a recent
study sampling 175 mTECs by single cell RNA-seq surprisingly did
not report recurrent co-expression patterns [12]. This may in part
be due to the still limited sample size in relation to the overall
degree of transcriptome heterogeneity and incomplete coverage of
TRAs expressed at low levels in mTECs. In contrast, in all TRA-based
co-expression groups so far identiﬁed in mouse and human we
observed recurrent expression patterns attesting to the robustness
of this approach.
This study re-afﬁrms the notion that pGE at the single cell level
entails a highly coordinated process, yet the initial establishment of
a given co-expression pattern may be stochastic. In this regard it
remains unclear how and when in mTEC development distinct
expression patterns become established and whether they are
stable during clonal expansion and progressive differentiation of
mTECs. Not least we would like to know whether a recurrent array
of co-expressed TRAs in a single mTEC at a given time as opposed to
a random TRA assortment might confer any advantage on the
overall process of central tolerance induction.
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